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ABSTRACT

Atmospheric mercury deposition, known to be a major source of mercury to
aquatic and terrestrial environments, was studied at an urban site in Orlando, FL.
Precipitation sampling was conducted from September 2003 to May 2006 at a Mercury
Deposition Network site located on the University of Central Florida campus. Weekly
rainfall and mercury wet deposition data were gathered from this site, which provided the
framework of data for this study. Historical mercury wet deposition data from several
sites in Florida were used to develop a regression model to predict mercury deposition at
any location in Florida. Stormwater runoff from a 2-acre impervious surface at this study
area was monitored during the spring and summer of 2005. Runoff water quality was
analyzed to characterize mercury dry deposition. Atmospheric monitoring was also
conducted during this period to study the interaction of atmospheric constituents on wet
and dry deposition patterns.
Spatial and seasonal trends for the entire state suggest 80% of Florida’s rainfall
and mercury deposition occur during the wet season. A strong linear correlation was
established between rainfall depth and mercury deposition (R2 = 0.8). Prediction
equations for the entire state, for both wet and dry seasons, were strongly correlated with
measured data. The results of two unique methods to quantify dry deposition were similar
at this site during this study period. Runoff monitored at this site contained significant
levels of mercury, primarily in particulate form (58%). The vast majority of particulate
mercury was flushed from the surface during storm events, while significant dissolved
iii

fractions remained. Runoff mercury concentrations were consistently higher than rainfall
mercury, suggesting dry deposition accounted for 22% of total mercury in runoff.
Atmospheric monitoring at this location showed gaseous elemental mercury was the
dominant form (99.5%) followed by reactive gaseous mercury (0.3%) and particulate
mercury (0.2%). Comparison of the contributions of wet and dry deposition suggested
80% of total mercury deposition was wet deposited during this study, while dry
deposition accounted for the remaining 20%. Statistical correlations revealed rainfall
scavenging of reactive gaseous mercury was the main factor controlling dry deposition.
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CHAPTER 1
INTRODUCTION

Problem Statement
Mercury (Hg) is a toxic element that exists in virtually all segments of the
environment. Concentrations in the air are typically low and of little direct concern.
Once Hg enters water, it is converted to its most toxic form, methylmercury (MeHg).
This form has the ability to bioaccumulate in the aquatic food web, up to a million times
the initial water concentration (Schroeder and Munthe, 1998). The most publicized
episodes of Hg poisoning from fish consumption occurred in the early 1950’s and mid
1960’s in Japan (Tsubaki and Irukayama, 1977). An industrial factory, using Hg as a
catalyst, discharged directly into waters where fish was the population’s main source of
food. The largest, most recent outbreak occurred in Iraq in the early 1970s. Up to 40,000
people were poisoned by consuming bread, derived from grain treated with alkyl Hg
compounds (Clarkson, 2002). Research has repeatedly shown the toxic effects of Hg,
from reproductive effects, to developmental problems in children, and psychological or
intellectual damage (Wilcox et al., 2003). Concern over Hg in the environment has
resulted in widespread fish consumption advisories in the U.S. and has prompted the U.S.
Environmental Protection Agency (USEPA) to seek legislative limits on Hg emissions
(USEPA, 2005). Its widespread geographic extent and adverse effects have placed it on
the forefront of recent scientific investigations.
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Research Objectives
The main goal of this study is to identify factors influencing atmospheric Hg
deposition in an urban environment. This is achieved through the following objectives.
1) Develop a tool to predict wet Hg deposition at any location in Florida.
•

Obtain data from all MDN sites in and around Florida.

•

Study spatial and seasonal trends in wet deposition for the entire region.

•

Perform regression analysis on historical data to establish a prediction tool
for wet Hg deposition.

•

Evaluate model predicted deposition with newly available measured data.

2) Quantify dry Hg deposition from rainfall-runoff analyses.
•

Operate and maintain a wet deposition collector.

•

Collect runoff from an impervious area for several rain events.

•

Conduct lab analyses on the runoff data.

•

Quantify dry deposition between rain events from direct comparison with
wet deposition data.

3) Study the effects of atmospheric concentrations on wet and dry Hg deposition.
•

Train in the operation of the U.S. Geological Survey’s mobile atmospheric
monitoring laboratory.

•

Secure deployment of this mobile lab for co-location with wet deposition
and runoff monitoring.
2

•

Operate and maintain the mobile lab while monitoring continuous
speciated Hg concentrations and other gases.

•

Estimate dry Hg deposition from atmospheric data.

•

Identify atmospheric constituents influencing wet and dry Hg deposition.

Literature Review
Mercury Sources
The total flux of Hg to the environment is a result of natural emissions, human
activities, and re-emission of previously deposited Hg. Natural processes include
volcanoes, geothermal springs, fires, geologic deposits, and ocean evasion. Human use of
Hg for over 2000 years in a wide variety of applications (Jasinski, 1995), has increased
the total atmospheric burden by a factor of 2 - 5 (Engstrom and Swain, 1997). Centuries
of anthropogenic emissions and re-emissions have caused environmental Hg
contamination on a global scale (Fitzgerald et al., 1998). The direct disposal of Hg to
lakes and rivers went unregulated for many decades. Several incidents of Hg poisoning to
humans between the 1950s and 1970s increased awareness of its toxicity. Since then,
many uses of Hg have been abandoned; however large sinks of Hg remain in aquatic
sediments. Today, atmospheric emissions are the most significant source of Hg released
to the environment. Nearly 90% of anthropogenic emissions are combustion processes,
including coal-fired power plants, medical waste incinerators, municipal waste
combustors, and hazardous waste combustors (Figure 1.1). In the last decade, EPA
imposed strict regulations on Hg emissions from incinerators and waste combustors. As a
3

result, combined local emissions from these sources in south Florida declined by 93%
from 1991 to 2000 (Atkeson et al., 2003). In March 2005, EPA issued the Clean Air
Mercury Rule to permanently cap and reduce Hg emissions from coal-fired power plants
(EPA, 2005). This action targets the last major source of man-made Hg to the
atmosphere. Whether reduction of Hg emissions will directly impact fish Hg
concentrations remains unknown. Recent work suggests fish MeHg levels respond to
changes in Hg deposition (Orihel et al., 2004); however, fish contamination will continue
from previously deposited Hg after reductions in atmospheric Hg emissions.

0.9 percent
Miscillaneous Sources
(e.g., geothermal power)

10.0 percent
Manufacturing Sources
(e.g., chlor-alkali,
portland cement, batteries)

2.2 percent
Area Sources
(e.g., lamp breakage,
dental preparation)

86.9 percent
Combustion Sources
(e.g., coal fired utility
and industrial boilers)

Source: USEPA 1997

Figure 1.1: Anthropogenic source emissions of atmospheric mercury.
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Atmospheric Forms
In the atmosphere, Hg may be present as elemental gaseous Hg (Hg0), divalent
gaseous Hg (RGM), divalent particulate Hg (Hgp), and on occasion, trace amounts of
MeHg (Wiener et al., 2003). More than 90% of Hg in the atmosphere is present as Hg0
(Slemr et al., 1985; Schroeder et al., 1991; Petersen et al., 2001). This form is relatively
unreactive, deposits directly to the earth at a very low rate (Lee et al., 2001), is very
insoluble with little tendency to be scavenged by precipitation (Sommar et al., 2001), and
thus has the ability to travel great distances with an atmospheric lifetime of about 1 year
(Lindqvist and Rodhe, 1985; Slemr et al., 1985). In the presence of atmospheric ions,
Hg0 can be oxidized forming divalent Hg, Hg+2. Divalent Hg may also be directly emitted
from point sources. In the gaseous phase, this form of Hg is known to be rapidly dry
deposited and effectively wet scavenged by precipitation events because of its high
solubility, leading to a short atmospheric residence time (Lee et al., 2001). Divalent
gaseous Hg (RGM), accounts for approximately 3% of the total gaseous Hg burden in the
atmosphere (Lindberg and Stratton, 1998). Even at such a small percentage, this form is
the driving force of atmospheric deposition. Particulate Hg, also a reactive species,
consists of Hg+2 attached to airborne particles. Particulate Hg typically has a sub-micron
diameter giving it a low deposition velocity and an atmospheric residence time of days.
The atmosphere is an important transient reservoir of Hg. Its fate and transport depend
on the chemical and physical transformations constantly taking place therein. Figure 1.2
shows the atmospheric Hg cycle from emission to deposition, described by Schroeder and
Munthe (1998).
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ATMOSPHERE
In-Cloud
Processes

Transformations

Air
Concentrations

Transport

Scavenging

Gas/Particle
Partitioning
Human
Emissions

Natural
Emissions

Gas
Exchange

Dry
Deposition

Wet
Deposition

EARTH’S SURFACE
(Adapted from Schroeder and Munthe, 1998)

Figure 1.2: Atmospheric mercury cycle.

Atmospheric Deposition
Total atmospheric deposition is a combination of wet and dry processes (Lindberg
et al., 2000). Measuring Hg concentrations in precipitation is the standard method for
quantifying wet deposition. The mass flux of wet deposited Hg is calculated as the
product of Hg concentration and precipitation volume over the collection area. The
Mercury Deposition Network (MDN) consists of 94 wet deposition collectors in North
America. Cumulative weekly rainfall from all MDN sites is sent to a single lab (Frontier
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Geosciences, Inc., in Seattle, WA) for Hg analysis. Figure 1.3 shows current active sites
in the MDN.
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Figure 1.3: All active MDN sites in the U.S. (shaded), Canada, and Mexico.

Dry deposition of Hg involves atmospheric settling of particles and gases to
environmental surfaces. Obtaining accurate long-term dry deposition measurements has
proven difficult (Wesely and Hicks, 2000). Attempts to quantify dry deposition include
direct measurements using various surrogate surfaces such as filters, buckets, Teflon
plates, and water (Davidson and Wu, 1989; Holsen et al., 1993; Delmelle et al., 2001;
Sakata and Marumoto, 2004). These surfaces do not account for the complexity of natural
surfaces and may only provide crude estimates. A separate method involves estimating
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dry deposition from meteorological measurements. Known as the “big-leaf” model
(Hicks et al., 1985), dry deposition flux is calculated as the product of deposition velocity
(Vd) and atmospheric concentration (Ca).
F = Vd ⋅ C a

(Eqn. 1.1)

This approach uses the resistance method, similar to Ohm’s Law for electrical circuits.
Deposition velocity, (Vd) is computed as the inverse sum of aerodynamic resistance (Ra),
boundary layer resistance (Rb), and canopy resistance (Rc).

Vd =

1
Ra + Rb + Rc

(Eqn. 1.2)

These resistance terms are calculated from wind speed, atmospheric stability and other
site variables (Hicks et al., 1985). Since this method requires extensive field monitoring
of atmospheric conditions, recent studies have assumed constant deposition velocities
(Lee et al., 2001; Seigneur et al., 2004). This assumption neglects the dynamic properties
of the processes affecting dry deposition (Landis and Keeler, 2002). There currently
exists no standard method for quantifying dry deposition and much research continues in
this area. Recent deposition velocity estimates are summarized in Table 1.1. Highly
soluble RGM is consistently reported to have the highest Vd of all Hg species. Modeled
deposition velocities for nitric acid (HNO3) are commonly used for RGM, because of
similar solubility. Dry deposition velocities for Hg0 are nearly negligible and Hanson et
al. (1995) suggests a net downward flux of Hg0 occurs only when atmospheric
concentrations exceed 10 ng/m3, which is five times greater than background levels.
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Table 1.1: Review of previous estimates for dry Hg deposition velocities.
Atmospheric Deposition Velocity
-1
Species
(cm s )
Hg

0.001 to 0.03
0.06
0.09
0.02
0.01

RGM

0.06 to 5.0
2.9
0.8 to 2.7
2.0
4.0
a
1.2 to 6.1

0

a

0.09 to 0.45
0.15
0.31 to 0.94
0.10
a
nitric acid measurements
Hgp

References
Iverfeldt (1991); Lindberg et al. (1991)
USEPA (1997)
Lindberg and Stratton (1998)
Lee et al. (2001)
Seigneur et al. (2004)
Seinfeld (1986)
USEPA (1997)
Clarke et al. (1997)
Lindberg and Stratton (1998)
Lee et al. (2001)
Zhang et al. (2002)
Landis (1998)
Lee et al. (2001)
Sakata and Marumoto (2004)
Seigneur et al. (2004); Lindberg and Stratton (1998)

Deposition Modeling
Several models have been developed to simulate the transport, transformation,
and deposition of atmospheric Hg. These models are complex in nature and attempt to
incorporate all known atmospheric processes involving Hg (Ryaboshapko et al., 2002).
The major transformation pathways of Hg in the atmosphere are shown in Figure 1.4.
Current models differ in the reactions and parameters used to represent these
transformations (Petersen et al., 2001; Bullock and Brehme, 2002; Dastoor and Larocque,
2004; Seigneur et al., 2004). This has caused significant differences in simulation results
between these models. Also, the availability of reliable input data, including accurate
emission inventories and numerous assumptions, have limited the ability of these models
9

to perform accurate simulations. Bullock and Brehme (2002) recently modified EPA’s
community multiscale air quality model (CMAQ) to simulate wet Hg deposition in the
eastern U.S. Simulation results showed a weak relationship with observed data from 11
MDN sites for both the spring (r2 = 0.43) and summer (r2 = 0.11). Seigneur et al. (2004)
recently modeled wet deposition flux of Hg across North America. A direct comparison
with measured data from 30 individual MDN sites showed large discrepancies between
simulated and actual results (r2 = 0.5). There is a need to develop a simpler model that
uses historical data from the MDN to predict Hg deposition.

Gas Phase

Hg0

oxidation

Hg+2

Hgp

oxidation
Aqueous
Phase

Hg0

Hg+2
reduction

(Adapted from Ryaboshapko et al., 2002)

dissolution

Hgp

adsorption
to soot

Hgp

Figure 1.4: Atmospheric gas-phase and aqueous-phase transformation pathways.
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Urban Stormwater
Stormwater runoff is the result of precipitation exceeding the infiltration, storage,
and evapotranspiration rates of the surface. Under natural conditions, runoff flow follows
topographically governed drainage paths, and water-entrained pollutants are filtered by
seepage through soils and wetland flow, before discharging into surface waters. In the
urban environment, however, these natural processes are often bypassed and runoff is
directly conveyed from impervious surfaces to urban lakes and streams. Figure 1.5
compares estimated water budgets for undeveloped and urbanized areas. The result of
large impervious additions and hydraulically productive piping systems in urban areas,
cause increased storm flows and pollutant concentrations to enter receiving waters
(Novotny and Olem, 1994). According to the USEPA (2000), urban runoff is a leading
cause of impaired surface water quality.

30%
evapotranspiration

40%
evapotranspiration

25% shallow
infiltration
25% deep infiltration

55%
runoff

10%
runoff

10% shallow
infiltration

Source: CWEP, 2006

5% deep infiltration

Figure 1.5: Undeveloped (left) and urbanized (right) water budget comparison.
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The National Urban Runoff Program (NURP) concluded that urban stormwater
commonly contains high levels of many toxic metals (USEPA, 1983). As a result,
numerous studies have characterized metal concentrations in urban runoff (Pitt et al.,
1995; Lee and Bang, 2000; Mosley and Peake, 2001; Graves et al, 2004). Typically,
concentrations of lead (Pb), iron (Fe), copper (Cu), cadmium (Cd), chromium (Cr), and
nickel (Ni) were measured. These metals are directly linked to traffic activities and
vehicular component wear (Sansalone and Buchberger, 1997). Although it has no direct
source link to traffic activities, Makepeace et al. (1995) identified Hg as one of the most
critical stormwater contaminants affecting both humans and aquatic life. The likely
source is atmospheric deposition. Mercury, dry deposited onto impervious surfaces, is
subsequently washed off in rainfall events and enters nearby surface water bodies. This
stormwater runoff also contains Hg wet deposited in the rainfall itself. In urban areas,
where atmospheric Hg concentrations are enhanced, runoff may be a significant source of
Hg to aquatic ecosystems. Despite an obvious need to characterize Hg levels in urban
runoff, there is a shortage of available data. To date, no study has quantified the
contributing amounts of wet and dry Hg deposition in urban runoff. This study may
provide insight into the contributing quantities of wet and dry Hg deposition to urban
areas.

12
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CHAPTER 2
PREDICTING MERCURY WET DEPOSITION IN FLORIDA:
A SIMPLE APPROACH

Abstract
Atmospheric mercury deposition is currently simulated using complex models
that incorporate known transport and transformation processes. However, significant
errors still exist between simulated and measured Mercury Deposition Network data. The
goal of this work was to develop a simpler approach to predict mercury deposition from
precipitation. Weekly precipitation sampling in Orlando, Florida was conducted from
September 2003 and presently continues. Rainfall and mercury deposition data were
gathered from this site and 7 others located in and around Florida, to investigate spatial
and seasonal patterns. Approximately 80% of Florida’s rainfall and mercury deposition
occur during the wet season. Regional wet and dry season equations were developed to
predict mercury deposition from rainfall depth. A positive linear relationship was
observed between rainfall depth and mercury deposition (R2 = 0.80). Model results were
validated with MDN measurements at the Orlando site. This tool can be applied to
predict mercury deposition at any location in Florida using local rainfall data.

Key Words: atmospheric deposition, mercury, precipitation, regression, MDN
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Introduction
Mercury (Hg) is a persistent and naturally occurring toxin that has drawn global
attention due to outbreaks of illness and mortality by consumption of fish from
contaminated waters (Wiener et al., 2003). An estimated 1/2 to 2/3 of Florida’s lakes and
streams contain fish mercury concentrations that exceed health-based standards (Atkeson
et al., 2003). Identifying the fate and transport of this mercury is critical to improving
water quality and ecosystem health. Atmospheric deposition is a significant source of
mercury to aquatic and terrestrial ecosystems (Landis and Keeler, 2002; Wiener et al.,
2003). The Mercury Deposition Network (MDN) consistently reports its highest annual
wet deposition in and around Florida (NADP, 2004). Since the magnitude of mercury
emissions is lower in Florida than many other states (USEPA, 2004), factors other than
the proximity of local sources must affect deposition. Researches have attempted to
simulate Hg deposition using complex models that incorporate emission speciation,
atmospheric reactions, and meteorological conditions. Despite their complexity, a lack of
agreement between modeled and measured MDN data is clear (Bullock and Brehme,
2002; Seigneur et al, 2004). The goal of this study was to develop a simple prediction
relationship for atmospheric mercury wet deposition from rainfall depth in the State of
Florida.
Florida’s climate is defined by two distinct seasons. The wet season, from May to
October, supplies the majority of Florida’s yearly rainfall. Frequent thunderstorms,
during these summer months, are the result of increased moisture from warm waters
surrounding the state and tropical disturbances. The dry season, from November to April,
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is almost entirely dependent on passing disturbances. Wet deposition monitoring at
several sites in Florida has consistently shown higher mercury fluxes during the summer
months (Dvonch et al., 1998; Guentzel et al., 2001). Spatial rainfall patterns in Florida
are highly variable and may be the governing factor affecting deposition. Rainfall depth
and Hg deposition were very closely related for nearly the past decade at a station in the
Everglades (Atkeson et al., 2003). Researchers outside the State of Florida have shown
similar deposition trends related to precipitation (Sorensen et al., 1994). These studies
suggest a clear relationship between rainfall and mercury deposition. Mercury deposition
is currently calculated from a volume weighted average mercury concentration. Thus,
rainfall must first be collected and analyzed in a laboratory, before deposition data are
available. The development of a prediction tool for Hg deposition from rainfall would be
beneficial for sites where Hg concentration data are lacking, and for agencies unable to
fund the expensive laboratory analyses associated with mercury.

Methods
Study Area
To develop a tool applicable to the State of Florida, sites located throughout the
entire state were required. Florida currently has 5 MDN sites, distributed across the
central and southern parts of the state. Since no MDN sites are present in northern
Florida, 2 in southern Alabama and 1 in southern Georgia were included in this study.
Each site is equipped with an automatic sampler designed to open only during
precipitation, and a Belfort rain gauge to compare sample captured rainfall volume to
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actual rainfall. MDN site locations are shown in Figure 2.1 with years of operation in
parentheses.

Figure 2.1: Location of 8 MDN sites for the Florida region used in this study.

Sample Collection
For this study, samples were collected at the FL32 site in Orlando, FL, as part of
the USGS National Water Quality Assessment (NAWQA) mercury program. Site
operators at the other 7 MDN sites conducted identical sampling procedures as outlined
in the MDN site operations manual (NADP, 2003). Weekly precipitation was collected
using a modified Aerochem Metrics 301 sampler (Vermette et al., 1995). During each
rainfall event, a sensor sent a signal to open the lid allowing rainfall to channel through a
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borosilicate glass funnel, capillary tube, and into a 1 L glass collection bottle. The sensor
was continuously heated while the lid was open for prompt closure when precipitation
ended. An insulated enclosure housed the sampling train, where a thermostatically
controlled fan and heater kept the inside temperature between 40 and 100 °F. Every
Tuesday, the collection bottle was removed and shipped to Frontier Geosciences, Inc., in
Seattle, Washington for analysis, and a new clean sampling train was installed in the unit.
Samples were preserved with 20 mL of 0.12N HCl during the week of collection and
during shipping.

Laboratory Analysis
After collection, samples from all MDN sites were sent to the Hg Analytical
Laboratory (HAL) at Frontier Geosciences for chemical analysis. At the lab, each sample
bottle received 1 mL of 0.2N BrCl, to oxidize all forms of Hg to divalent mercury (Hg+2).
To eliminate free halogens, NH2OH-HCl was added, followed by the addition of 300 μL
of 25% SnCl2 to reduce all Hg+2 to elemental mercury (Hg0). Nitrogen gas was used as a
carrier to purge the sample onto gold-coated silica traps. The traps were then measured
for total Hg by thermal desorption, dual gold algamation, and cold vapor atomic
fluorescence spectrophotometry (CVAFS) (Bloom and Fitzgerald, 1988), in accordance
with EPA method 1631. Reagent blanks and spikes were performed weekly at the HAL
for quality assurance on the reported data.
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MDN Data
MDN data were obtained from the National Atmospheric Deposition Program
(NADP) for all 8 sites (NADP, 2005). At the time of this study, weekly reports of 7-day
cumulative precipitation depth and Hg wet deposition were available up to September 28,
2004. The calculation of NADP mercury deposition is a product of mercury
concentration in the sample and precipitation depth from the rain gage. In this study, the
regression equation involves 2 terms (Hg deposition and precipitation), where the former
term is calculated from the latter. This method is valid, however, as a test of whether
rainfall is the driving force of mercury deposition in this region. Qualifications for data
used in this study were cumulative weekly rainfall greater than 1mm and an NADP/MDN
quality rating (QR) code of A or B. Fully qualified samples with no problems are given a
QR of A, while valid data with minor problems have a QR of B. Invalid data is given a
QR of C. Weeks of zero to trace amounts of rain, or a QR of C, were not included in this
analysis. The collected data were used to develop a relationship between mercury
deposition and rainfall.

Results
Regional Trends
Prior to developing regression equations for the State of Florida, similarity in
mercury deposition and rainfall among the 8 sites was investigated. Average weekly
rainfall and Hg deposition for both the wet and dry season are plotted in Figure 2.2.
Average weekly wet season Hg deposition was approximately 500 to 700 ng m-2 for each
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site, while dry season Hg deposition averaged between 150 to 250 ng m-2. The
consistency of error bars in Figure 2.2 suggests that no significant spatial variation in
deposition was observed between any of the sites. Weekly precipitation depth typically
averaged between 40 to 60 mm in the wet season and 20 to 30 mm in the dry season.
Overall, rainfall and Hg deposition averages are similar for all 8 sites, suggesting a
uniform distribution across the entire state. The mean operational length for all sites was
5.6 years. Time of operation ranged from just over a year at FL32 to 8.6 years at FL11.
With all sites showing similar averages, the data is not skewed by site location or the
amount of time a site has been operating. Based on these results, all 8 sites were included
in developing Florida’s regional Hg deposition model.
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Figure 2.2: Weekly average rainfall (lines) and Hg deposition (bars) at each MDN site for
the wet and dry seasons.
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Seasonal Patterns
To further elucidate the difference in Florida’s wet and dry season, monthly
average total rainfall and Hg deposition data from all 8 sites were plotted in Figure 2.3.
Precipitation increases at the start of the wet season in May, peaking in June through
August at around 200 mm a month, then drops steadily until November. During the dry
season, rainfall remains steady around 60 to 90 mm a month. Average monthly
deposition followed a similar pattern. Nearly 80% of the total annual rainfall occurred
during the wet season at these sites. During this time, 81% of the total Hg deposition also
occurred. These results suggest that the flux of mercury deposition is directly related to
the volume of rainfall, supporting previous studies (Sorenson et al., 1994; Atkeson et al.,
2003). The average wet season Hg concentration from all 8 sites was 18.5 ng L-1, while
the dry season average was 11.6 ng L-1. These data support the use of separate regression
equations for the wet and dry seasons.

Regression Analysis
Pearson correlations were performed on the data as a preliminary test of
correlation. Both the wet and dry seasons showed strong linear relationships between
rainfall and Hg deposition with correlations of 0.89 and 0.90, respectively (p-values <
0.001). Rainfall depth (mm) was then plotted against Hg deposition (ng m-2) to determine
a best-fit regression. To assess the validity of this approach, the assumptions of
regression were tested. These assumptions are a normal probability distribution for the
residuals, all residuals are within 3 standard deviations and their overall mean is zero, and
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errors associated with any two different observations are independent (Mendenhall and
Sincich, 1995). The histograms in Figure 2.4 show approximately normal distributions.
Observations with residuals greater than 3 standard deviations were considered outliers
and removed from the data set. The overall mean of the residuals was 0.001 for the wet
season and -0.001 for the dry season. Error values were independent as all data were
collected separately at different sites or times. Figure 2.5 shows wet and dry season
regression curves. Since distinct trends exist between the wet and dry seasons, each was
considered separately. Collectively, the 8 sites reported more than 1700 site-weeks of
rainfall over several wet and dry seasons. These plots depict a positive linear trend of
increasing Hg deposition from increased rainfall depth (R2 values of 0.78 and 0.82,
respectively). The prediction equations developed from this method depict the
relationship between wet Hg deposition flux (Fw) and rainfall depth (P).

Dry Season:

FW = 14.07 ⋅ P 0.83

(Eqn. 2.1)

Wet Season:

FW = 22.81 ⋅ P 0.87

(Eqn 2.2)
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Model Evaluation
Two tests were performed to validate this model. First, predicted and observed
values of wet deposited mercury were plotted for all 8 sites. Figure 2.6 shows observed
values tightly clustered on prediction curves. No significant overestimation or
underestimation of Hg deposition was present at any of the sites. Secondly, measured
data for FL32 were obtained from November 2004 to October 2005 and compared with
the wet and dry season prediction equations. Figure 2.7 compares this new data with the
model for both wet and dry seasons. R2 values of 0.70 (wet season) and 0.89 (dry season)
suggest measured data were strongly correlated (α = 0.05) with modeled estimates.
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and dry seasons.
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Discussion
The results presented in this paper suggest potential for the use of regression to
predict site-specific Hg deposition. Strong linear correlations exist between rainfall depth
and Hg deposition. Predicted values closely followed newly measured MDN data,
available after model development. Presently only 5 MDN sites exist in the state of
Florida. Combined with several other wet deposition collectors from previous studies
including the Florida Atmospheric Mercury Study (Dvonch et al., 2005), these sites are
scattered throughout the state, the majority of which are located in southeast Florida. The
results of this study provide a valuable tool for the calculation of Hg deposition from
rainfall depth at any location in Florida, where rainfall Hg measurements are not
available. These equations are valid for the data range used in this study. Precipitation
amounts used in the regression ranged from 1mm to 363 mm (wet season) and 245 mm
(dry season). The relationships presented here are intended for the calculation of Hg
deposition from rainfall depth in Florida only, and should not be used as an alternative to
actual data. Future work includes creating Hg deposition prediction maps using Florida’s
precipitation network. Expanding this approach to a nationwide model that incorporates
all 90 MDN sites and National Oceanic and Atmospheric Administration (NOAA)
weather data, would be valuable for predicting Hg deposition at any location in North
America.
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CHAPTER 3
CHARACTERIZING DRY DEPOSITION OF MERCURY
IN URBAN RUNOFF

Abstract
Stormwater runoff from urban surfaces often contains elevated levels of toxic
metals, including mercury. These pollutants, when discharged directly into water bodies,
degrade water quality and impact aquatic life and human health. In this study, the
composition of impervious surface runoff and associated rainfall was investigated for
several storm events at an urban site in Orlando, Florida. Total mercury in runoff
consisted of 58% particulate and 42% dissolved forms. Partitioning analysis suggests that
approximately 85% of particulate total mercury and 93% of particulate methylmercury
were removed from the surface before runoff ended. Filtered mercury concentrations
showed less than 50% reduction of both total and methylmercury from first flush to final
flush. Direct comparison between rainfall and runoff at this urban site suggests dry
deposition accounted for approximately 20% of total inorganic mercury in runoff.

Key Words: mercury, urban runoff, stormwater, dry deposition, partitioning
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Introduction
Mercury (Hg) has drawn global attention due to its ability to contaminate entire
water bodies from remote non-point source trace level inputs that bioaccumulate through
the food chain. Atmospheric deposition is the main pathway for the introduction of Hg to
the Earth’s surface, and even pristine watersheds are contaminated by atmospherically
derived Hg (Fitzgerald et al., 1998). The transport and transformation of a given Hg
species depend on its physicochemical characteristics, along with environmental and
meteorological conditions (Schroeder and Munthe, 1998). Concern over Hg in the
environment has resulted in the listing of increasing numbers of fish consumption
advisories across the United States and has prompted the U.S. Environmental Protection
Agency (USEPA) to seek legislative limits on Hg emissions (USEPA, 2005).
The total flux of Hg to the Earth’s surface involves both wet and dry processes.
Calculating wet Hg deposition from measured concentrations in known volumes of
rainfall is internationally accepted for non-urban areas. Monitoring wet deposition in
urban areas is still new and under debate, since it is difficult to extrapolate meaningful
local and regional deposition patterns in a complex urban environment. Determining the
contribution from dry Hg deposition, however, has proven to be an even more complex
task. Currently there is no widely accepted method for evaluating the contribution of drydeposited Hg to systems. Quantification is difficult due to large variations in spatial and
temporal surface characteristics and meteorological conditions. Past attempts include
estimation from models (Seigneur et al., 2004) and direct measurement using surrogate
surfaces (Sakata and Marumoto, 2004). Many uncertainties exist in these methods,
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however. Modeled estimates rely on predicted deposition velocities, often not validated
by actual data, while measurements on artificial surfaces do not account for the
complexity of natural systems and only provide rough estimates. A separate method of
inferring dry deposition flux from measured atmospheric concentrations has been
successful for sulfur dioxide and nitric acid (Clarke et al., 1997). This approach was
modified by estimating dry Hg deposition at the present study site using a mobile
atmospheric monitoring laboratory that measures speciated atmospheric Hg and other
atmospheric gases (Chapter 4).
Pollutant loads in urban runoff may provide insight into the magnitude and
behavior of dry-deposited metals including Hg. The National Urban Runoff Program
(NURP) concluded that urban stormwater commonly contains high levels of many toxic
metals (USEPA, 1983a). These increased pollutant loads are a result of extensive
impervious surfaces in metropolitan areas (roads, parking lots, etc) and hydraulically
efficient piping systems (Novotny and Olem, 1994). Several studies have characterized
metal concentrations in urban runoff (Pitt et al., 1995; Lee and Bang, 2000; Mosley and
Peake, 2001; Graves et al., 2004). The metals commonly measured are Cd, Cr, Cu, Fe,
Pb, Mn, Ni, and Zn; and deposition and accumulation of these metals is highly influenced
by traffic volume (Sansalone and Buchberger, 1997). Although Hg has been identified as
a critical stormwater contaminant affecting both humans and aquatic life (Makepeace et
al., 1995), urban runoff data for Hg are rare. This is probably because there is no direct
source link to vehicle use, and Hg concentrations are generally several orders of

37

magnitude lower than other metals. Nonetheless, dry deposition in urban areas may play
an important role in Hg loading to aquatic systems via stormwater runoff.
In this study, impervious surface runoff and precipitation data were collected from
an urban site in Orlando, Florida. The main goal was to quantify dry deposition of Hg by
comparing the concentrations of Hg in surface water runoff to concentrations of Hg in
wet deposition (rainfall) at the same location. Airborne dust has previously been cited as
a major source of atmospheric pollutant build-up on impervious surfaces (Muschak,
1990; Schueler, 1994). Other work has supported the idea of pollutant accumulation
during dry periods (Brezonik and Stadelmann, 2002), but none have successfully related
runoff concentrations to dry deposition. Recent estimates suggest dry Hg deposition is
equally significant to, and may exceed wet deposition in urban areas (Seigneur et al,
2004). Characterizing the behavior of dry Hg deposition in these areas would provide
valuable insight into urban Hg cycling and better information for emission source
management.

Methods
Site Location
Rainfall and runoff samples were collected at an urban site in Orlando, Florida,
from March to July, 2005. Wet deposition collection and analysis for this site was
conducted under the auspices of the Mercury Deposition Network (MDN, site FL32), and
provided weekly cumulative rainfall volumes, Hg concentrations, and precipitation
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normalized deposition values. Direct runoff samples were collected from a drainage area
(>99% impervious) containing a quarter-mile section of two-lane roadway and an
apartment complex parking lot (Figure 3.1). A single storm inlet along the road drains
this 2-acre surface, located approximately ½ mile from site FL32.

►

Figure 3.1: Aerial photo of study area with parking lot and roadway contributing to
runoff (cross-hatched) and sampling point (white triangle).
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Since traffic volume, drainage design, and maintenance activities influence
stormwater pollutant accumulation (Dupuis et al., 1985), site selection was critical. The
roadway is a designated low volume highway (Kobriger et al., 1981) accommodating
approximately 5000 vehicles per day (Ramesamey, 2002). Drainage design includes a
curb and gutter system; the curb acts as a barrier to restrict lateral movement of particles
on and off the roadway surface during windy conditions. Pollutants associated with these
solids accumulate in the gutter and are readily transported by runoff during storm events.
No street sweeping or irrigation occurred during the study period. Accurate determination
of pollutant concentrations in runoff required direct sampling from storm sewer piping
(Gildemeister, 2001). In this study, discrete samples were collected from a 1-ft diameter
PVC pipe that directly discharged runoff from the roadway into a flow channel. Field
inspection of the site, prior to data collection showed events producing a minimum
rainfall of 0.5 mm overcame depression storage, allowing surface runoff.

Runoff Sample Collection
Composite sample collection followed the USEPA recommended protocol for
stormwater collection (USEPA, 1992), which requires a 72-hr dry period prior to
collection of a runoff event. This ensured appropriate time for particles to build up on the
roadway and parking lot. A total of 14 runoff events were collected from March 3, 2005
to July 30, 2005, during both dry (November to April) and wet (May to October) seasons
in Florida. Discrete samples were taken throughout the course of an event and
composited into one representative sample. Ultra-clean trace metal sampling techniques
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(USEPA, 1996a) were used to minimize contamination during sample collection. At the
start of each runoff event, a 250-mL Teflon bottle, which had been rinsed with 1% HCl,
preserved with 100-mL 1% HCl, and double bagged, was removed from it’s bags using
clean, powder-free vinyl gloves and triple-rinsed with the first flush of the runoff event.
Samples were then collected using this bottle at 5-min intervals starting from the first
flush. The individual samples were added to a new, 2-L polyethylene teraphthalate
copolymer (PETG; Nalgene) composite bottle, until the bottle was full. Lower volume
discrete samples were collected during larger runoff events to prevent overflow of the 2L composite sample. To identify rising, peak, and falling hydrograph stages, and to
ensure collection of a representative sample, runoff flow rates were determined every 5
minutes by measuring the volume of runoff over a known period of time.
The total number and volume of discrete samples collected varied for each event,
depending on the volume and duration of runoff. On average, 15 discrete samples with
volumes ranging from 20 to 250-mL were combined into each event’s representative
sample. Previous work (Sansalone and Buchberger, 1997) showed that for impervious
areas, higher pollutant concentrations typically occur at the beginning of the runoff event,
followed by a sharp decrease due to roadway flushing. Specifically, Lee and Bang (2000)
found that for small area watersheds (< 250-acre) with large impervious percentages
(>80%), the pollutant concentration peak occurred before the flow peak. For this study
area (2-acre, >99% impervious), larger sample volumes (250-mL) were collected at the
beginning of the runoff event, up to the time when peak flow occurred, and gradually
decreased thereafter (150 to 20-mL). The volume of discrete samples varied for each
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event, since samples were collected for the entire duration of runoff flow. This approach
produced an approximately flow-weighted composite sample, representative of the entire
event.
Twice during this study, a separate 2-L bottle of runoff was collected at the start
(first flush) and end (final flush) of separate events. The first flush refers to the delivery
of a significant portion of pollutant load during the early stages of a runoff hydrograph
(Schueler, 1994). The final flush is defined as the mass loading of pollutants in the final
stages of a runoff hydrograph. First and final flush samples were not collected for the
same event, since final flush samples were not originally scheduled to be collected and
were added during the summer of 2005 to investigate complete flushing of pollutants
from the surface. First and final flush samples represent a full 2-L of the first and final
discrete samples collected for that composite event.

Chemical Analyses
All laboratory analyses were performed on a single 2-L composite sample
collected from each storm event. The composite samples were processed in the
University of Central Florida’s (UCF) Stormwater Laboratory immediately after
collection, within 1-hr. The majority of each sample (1.5-L) was filtered prior to analysis.
Filtration followed the methods of Lewis and Brigham (2004). Briefly, each water sample
was vacuum filtered through a 0.7-μm quartz fiber filter (QFF) into pre-cleaned Teflon
bottles, 250-mL (for methylmercury) and 500-mL (for total Hg). These samples were
preserved with 5-mL 6N HCl per 250-mL sample and stored in the dark at 18°C, prior to
42

shipment to the US Geological Survey’s Wisconsin District Mercury Laboratory
(WDML) for Hg analysis. Filters were placed in clean Petri dishes and immediately
frozen until analysis. At the WDML, water samples and filters were analyzed for both
dissolved and particulate total Hg (THg) and methylmercury (MeHg) by Cold Vapor
Atomic Fluorescence Spectrophotometry (CVAFS). At the UCF Stormwater Laboratory,
turbidity, pH, alkalinity and ammonia analyses were performed on unfiltered samples;
while nitrate plus nitrite, nitrite, sulfate, and orthophosphate were analyzed using a
portion of the filtered water, not sent to the WDML. Table 3.1 lists the parameters
included in this study, along with analysis methods and detection limits of each
procedure.
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Table 3.1: Runoff chemical analyses.
Parameter
pH

1

Electrometric Method

3

a

N/A

150.1

14.0 NTU

D1889

1

Attenuated Radiation Method

Alkalinity

1

Titrimetric Method (pH 4.5)

3

N/A

310.1

Ammonia

1

Selective Electrode Method

3

0.01 mg/L

4500-NH3 F

0.01 mg/L

353.3

a

0.01 mg/L

353.3

a

Nitrite
Sulfate

Cadmium Reduction and

1

Colorimetry Method

4

Cadmium Reduction and

1

Colorimetry Method

1.0 mg/L

375.4

a

Ascorbic Acid Method

4

0.045 mg/L

365.2

a

0.01 ng/L

1631

d

0.03 ng/L

1630

e

Digestion, Oxidation, Purge and Trap,
and CVAFS

0.04 ng/L

1631

Aqueous Ethylation, Purge and Trap, Gas
Chromatographic Separation, and CVAFS

0.005 ng/L

1630

2

Filtered MeHg

Oxidation, Purge and Trap, and CVAFS

Purge and Trap, and CVAFS
2

Particulate MeHg

4

Distillation, Aqueous Ethylation,

2

Particulate THg

2

a

4

1

Orthophosphate

4

c

Turbidimetric Method

1

Filtered THg

3

Method
Number

Turbidity

Nitrate + Nitrite

N/A

Detection
Limit

Analysis Method

4

- not available

1

- analyzed at UCF Stormwater Laboratory

2

- analyzed at WDML

3

- unfiltered sample

4

- filtered sample

a

- USEPA (1983b)

b

- Standard Methods for the Examination of Water and Wastewater (1989)

c

- American Society for Testing and Materials (1991)

d

- USEPA (1996b)

e

- USEPA (1997)

f

- Olund et al. (2004)

g

- DeWild et al. (2004)
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f

g

b

Runoff Quality Assurance
Field replicates were collected twice during this study to assess precision of
sample processing and analysis. For these field replicates, discrete samples were evenly
split between two 2-L PET bottles, and analyzed as separate samples. The UCF
Stormwater Laboratory quality assurance procedures followed EPA recommended
protocols (Standard Methods for the Examination of Water and Wastewater, 1989).
Laboratory blanks were run for every three samples to verify analytical methods were
free of contamination and sample carryover. To ensure analytical precision, laboratory
replicates were performed on all analytical runs. Percent recoveries from spiked water
samples were calculated for every event to assess sample accuracy. All laboratory
analyses for Hg were conducted by the WDML in accordance with the WDML quality
assurance guidelines (USGS, 2005). Table 3.2 lists laboratory and field QA data for all
analytes. Blank concentrations suggest no sample carryover occurred during chemical
analyses. Field and laboratory replicate RPD values were generally low and confirm
accuracy of analytical methods.
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Table 3.2: Summary of field and laboratory quality assurance data.

Parameter

pH

Sample
Blank
a
a
Concentration
Concentration

Field Replicate
b
RPD
(%)

Lab Replicate
b
RPD
(%)

7.86

5.605

0.4

0.6

Turbidity
(NTU)

306.25

0.000

0.5

4.1

Alkalinity
(mg/L)

98.71

2.333

2.9

6.7

Ammonia
(mg/L)

1.12

0.117

11.7

4.3

Nitrate + Nitrite
(mg/L)

0.32

0.059

4.4

7.7

Nitrite
(mg/L)

0.11

0.051

1.1

3.2

Sulfate
(mg/L)

23.50

0.380

1.5

6.4

Orthophosphate
(mg/L)

0.31

0.056

0.4

6.9

Filtered THg
(ng/L)

9.67

0.003

13.3

N/A

Particulate THg
(ng/L)

13.10

0.085

26.4

N/A

Filtered MeHg
(ng/L)

0.13

0.033

20.5

N/A

Particulate MeHg
(ng/L)

0.17

0.003

1.3

N/A

N/A

- not available

a

- mean concentration of all event samples

b

- relative percent difference; average of all replicates

Rainfall Sample Collection and Analysis
Weekly precipitation was collected at the MDN site (FL32) using a modified
Aerochem Metric 301 sampler (Vermette et al., 1995). Samples were preserved with 20-
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mL of 0.12N HCl during the week of collection and shipped to Frontier Geosciences,
Inc., Seattle, Washington, for analysis. Rainfall volume was measured using a Belfort
weighing bucket rain gage, located 10-m from the MDN collector. A detailed description
of MDN site FL32 and sample methods are provided by Fulkerson and Nnadi (2006). At
Frontier’s Hg Analytical Laboratory (HAL), precipitation samples were analyzed for
THg (USEPA, 1996b) and MeHg (USEPA, 1997) using CVAFS. Methylmercury
analyses were run on monthly composited rainfall samples. Reagent blanks and spike
recoveries were performed weekly at the HAL for quality assurance on the reported data
(NADP, 1997).

Results
Event Hydrology
Rainfall and runoff hydrologic data are provided in Table 3.3 for all 14 sampling
events. A large range in rainfall depths (0.5 to 57.4-mm) occurred during this study.
Rainfall data was monitored from a digital tipping-bucket rain gage, approximately 80-m
from the FL32 site, and ½ mile from runoff collection. Time was set to zero at the start of
rainfall and rainfall duration represents all precipitation contributing to the runoff event.
The initial pavement residence time (IPRT) – defined as the time from initial rainfall to
initial runoff – indicates the time required to wet the surface and overcome depression
storage (Sansalone and Buchberger, 1997). For the March 3rd and April 23rd events, light
rainfall occurred intermittently for approximately 2 hours before runoff began. This is
evident in the large IPRT and rainfall duration values coincident with small rainfall
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amounts. The time to peak (Qp) is defined as the time from initial runoff to peak runoff,
measured at the runoff discharge pipe sampled. All Qp values were within a factor of 8,
and the largest Qp was 40 minutes. Given that peak pollutant concentrations for small
urban watersheds occur before peak runoff flow rates (Lee and Bang, 2000); this suggests
that pollutant concentrations peaked well within the first hour of runoff. Runoff volumes
through the discharge pipe, calculated by integrating flow rates and time, were highly
responsive to rainfall depth.

Table 3.3: Hydrologic data for all 14 runoff events.

Event Date
(2005)
3-Mar
8-Mar
14-Mar
20-Mar
31-Mar
7-Apr
13-Apr
23-Apr
30-Apr
11-May
21-May
15-Jun
19-Jul
30-Jul

Rainfall
Depth
(mm)
0.5
9.4
1.5
1.3
1.5
12.2
2.3
0.8
17.5
2.5
0.5
57.4
14.7
3.3

Initial
Pavement
Rainfall Residence
Duration Time (IPRT)
(min)
(min)
120
110
40
15
60
40
85
35
45
25
23
6
45
8
130
130
70
12
80
37
55
18
150
12
40
8
55
10
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Time to
Peak
Runoff
(Qp)
(min)
15
5
18
40
5
12
29
7
28
8
9
18
7
5

Runoff
Volume
3
(m )
0.2
32.8
4.6
3.9
16.7
53.1
5.1
1.8
18.7
6.4
0.3
180.6
42.0
15.1

Spearman’s rank correlation coefficients (α = 0.05) are shown in Table 3.4 for the
hydrologic data. Rainfall depth had strong positive correlations with average and peak
flow rates and runoff volume. The IPRT was negatively correlated with runoff and
rainfall. This suggests lower rainfall depths, which produced less runoff, took longer to
initiate roadway conditions suitable for runoff.

Table 3.4: Spearman’s rank correlation coefficients for hydrologic data for all 14 runoff
events. Significant P-values are shown in italics under correlation coefficients.
Rainfall
Duration
Rainfall
Depth
Rainfall
Duration
IPRT

–

IPRT

Time to
Qp

-0.70

–

< 0.01

0.65

–

Avg
Runoff

Peak
Runoff

Runoff
Volume

0.97

0.94

0.93

< 0.01

< 0.01

< 0.01

–

–

–

< 0.05

–

Time to
Qp
Avg
Runoff
Peak
Runoff

-0.73

-0.73

-0.70

< 0.01

< 0.01

<0.01

–

–

–

0.99

0.99

< 0.01

< 0.01

0.99
< 0.01

Runoff Water Quality
The parameters in Table 3.1 were analyzed from the composite samples for all 14
events. To investigate patterns in roadway flushing, first flush samples were also
collected on April 7th and April 23rd, and final flush samples on June 15th and July 19th.
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Pollutant concentrations were expected to be higher in the first flushes and lower in the
final flushes.
Statistically significant Spearman’s rank correlation coefficients (α = 0.05) for all
stormwater pollutants are provided in Table 3.5. Turbidity was positively correlated with
several constituents including particulate MeHg (PMHg). This suggests that greater
pollutant concentrations are associated with higher suspended solids concentrations.
Particulate THg (PTHg) and PMHg expressed a strong positive correlation, while filtered
THg (FTHg) and filtered MeHg (FMHg) were not correlated.

Table 3.5: Spearman’s rank correlation coefficients for pollutant concentrations.
Significant P-values are shown in italics under correlation coefficients.
pH Alkalinity Ammonia
Turbidity
pH
Alkalinity
Ammonia
Nitrate +
Nitrite

–

Nitrate +
OrthoNitrite Sulfate
FTHg PTHg FMHg
Nitrite
phosphate

0.73

0.83

0.72

0.75

< 0.05

< 0.01

< 0.05

< 0.05

–

–

–

–

0.58

–

–

< 0.05

–

–

–

–

0.84
< 0.01

–

–

–

–

0.64

–

–

–

< 0.05

–

–

PMHg

–

–

0.62

–

< 0.05

–

–

–

–

–

–

–

0.86

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

0.80

–

< 0.01

Nitrite
Sulfate

< 0.01

Orthophosphate

–

FTHG

–

–

–

–

–

–

–

PTHg

0.86
< 0.01

–

FMHg
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Dissolved sulfate was strongly correlated with FMHg in stormwater runoff. While
MeHg production in surface waters (i.e. inundated wetlands, streams, ponds) is
stimulated by increased sulfate concentrations that enhance the activity of sulfate
reducing bacteria (SRB) in sediments (Gilmour et al., 1992), the impervious surface
sampled during this study did not provide any apparent means for MeHg production from
SRB. Methylmercury inputs from adjacent surface waters were also unlikely, since there
was no connectivity to marshland and no stream or retention pond overflow to the surface
occurred during storm events. Both sulfate and MeHg concentrations were strongly

Rainfall Depth (mm)

negatively correlated with rainfall depth suggesting that “washout” occurred (Figure 3.2).
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80

Sulfate (mg/L)

FMHg (ng/L)

Figure 3.2: Washout trend for FMHg and sulfate with rainfall depth for all 14 runoff
events.
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Trends in pH
A consistent feature during this runoff study was the lack of significant variation
in pH. Measured values in runoff ranged from 7.59 to 8.14 with a mean of 7.86 ± 0.18.
Rainfall pH was consistently more acidic, with a value of 6.2 ± 1.4, ranging as low as
2.45 (Hulstein, 2005). Similar pH data for street runoff were observed by Pitt et al.
(1995), ranging from 6.9 to 8.4 with a mean of 7.6. This low variability in runoff pH is
likely due to the buffering action of minerals present in roadways. In this study, runoff
pH values were not significantly correlated (α = 0.05) with any of the other water quality
parameters measured (Table 3.5).

Mercury Partitioning
Both filtered and particulate THg and MeHg concentrations in runoff were
determined for the 14 sampling events conducted in this study. Figure 3.3 shows Hg
partitioning for all events. Overall, the particulate fraction accounted for 58% of the THg
measured in all events, and the filtered fraction accounted for 42%. Particulate bound Hg
concentrations were equal to or higher than the dissolved concentrations for nearly all
events. Exceptions were associated with low rainfall events: on May 21st (0.5 mm) the
filtered concentration greatly exceeded the particulate concentration for both THg and
MeHg; on March 20th (1.27 mm) higher filtered concentrations also occurred for both
THg and MeHg. It is likely that these small rain events did not effectively mobilize all
roadway sediments containing Hg.
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Event Date (2005)
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Event Date (2005)

Figure 3.3: Filtered and particulate concentrations (bars) of THg and MeHg in composite
event samples with event rainfall depth (points).

Figure 3.4 illustrates average THg and MeHg concentrations for first flush, event
composite, and final flush samples. Particle-associated THg was greater than FTHg for
first flush and event composite samples, while the majority of THg present in final flush
samples was filtered. First flush samples for MeHg were also dominated by the
particulate fraction, while filtered concentrations were higher in the final flush samples.
Approximately 85% of PTHg and 93% of PMHg were removed from the surface by the
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end of runoff, while only 31% of FTHg and 43% of FMHg were removed. These results
suggest the majority of Hg bound to particles is removed from the roadway by the end of
a runoff event, while filtered concentrations do not express a “washout” effect.

Filtered

Particulate
0.6

30
MeHg

25

0.5

20

0.4

15

0.3
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0.2
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0

0.0
Event
First Flush Composite Final Flush

First Flush

Average Concentration (ng/L)

Average Concentration (ng/L)

THg

Event
Composite Final Flush

Figure 3.4: Filtered and particulate concentrations of THg and MeHg for first flush (April
7, 23), event composite (all dates), and final flush (June 15, July 19) samples.

Rainfall and Runoff Mercury Comparison
MDN samples were collected and processed on a weekly basis, while stormwater
was monitored on an event basis. Since it was impossible to differentiate Hg
contributions from multiple rain events in a single week, only those events where all
weekly rainfall was collected in a single runoff event were directly compared. This was
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the case for 6 of the 14 runoff events during this study period. Hg concentrations in
rainfall and associated runoff for these 6 events are plotted in Figure 3.5. Runoff Hg
concentrations exceeded rainfall Hg concentrations for nearly all events. These results are
in contrast to findings by Gildemeister (2001) where Hg concentrations in runoff at a site
in Detroit, MI were generally below Hg concentrations in rainfall. Sampling in Detroit
occurred from a prefabricated damming structure that collected and stored the runoff
prior to sampling. Thus, evasion of dissolved Hg in the runoff may have occurred back to
the atmosphere, since it was not collected immediately during roadway flow.

THg Concentration (ng/L)

40
Runoff THg
Rainfall THg
30

20

10

0
3/3

4/7

4/13

4/23

5/11

5/21

Event Date (2005)
Figure 3.5: Comparison of rainfall and runoff THg concentrations for events for which all
weekly rainfall fell during the event.
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It is clear from Figure 3.5 that a significant amount of Hg generally was present
on the parking lot and roadway surface that did not come from the rain event itself. The
difference between runoff and rainfall Hg concentration, presumed to be contributed from
dry deposition, ranged from -8 to 47% with an average of 22%. This compares well with
estimates of dry deposition (20% of total deposition) from atmospheric data for this site
(Chapter 4). Spearman’s rank correlation coefficients (α = 0.05) for these 6 events are
listed in Table 3.6. Particulate THg concentrations were strongly correlated with rainfall
depth. This supports the previous discussion of larger rainfall events washing more
particle-bound Hg from the study area. Rainfall THg concentrations express a strong
positive correlation with the duration of antecedent dry period and a strong negative
correlation with previous rainfall volume. Antecedent dry period (ADP) is the duration of
time from the last rain event preceding runoff collection, during which no rainfall
occurred. Previous rainfall volume (PRV) is defined as the total rainfall volume from the
previous storm preceding that ADP. For the April 23rd and May 21st events, runoff THg
was not significantly different than rainfall THg (Figure 3.5). These two events had the
longest antecedent dry periods and highest rainfall THg concentrations. Also, these
extended antecedent dry periods commenced after relatively small rainfall events,
suggesting a surplus of atmospheric Hg available for wet deposition. This is supported by
a negative trend in the percent contribution from dry deposition with duration of
antecedent dry period (Figure 3.6).

56

Table 3.6: Spearman’s rank correlation coefficients for runoff and rainfall data.
Significant P-values are shown in italics under correlation coefficients.
Runoff
PTHg
Runoff
FTHg

–

Runoff
PTHg

Runoff
THg

Rainfall
THg

PRV
–

0.83

0.89

< 0.05

< 0.05

–

–

ADP

Rainfall
Depth

0.83

–

< 0.05

–

–

0.87
< 0.05

Runoff
THg

–

Rainfall
THg

–

–

–

-0.83

0.89

–

< 0.05

< 0.05

–

PRV

–
–

ADP

Antecedent Dry Period (hours)

300
250
r = - 0.88

200

< 0.05

150
100
50
0
-10

0

10
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50

Contribution from Dry Deposition (%)

Figure 3.6: Strong negative correlation between antecedent dry period and contributing
percentage of dry deposition. Trendline shown with Pearson correlation coefficient (r)
and p-value in italics.
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Conclusions
THg in runoff was primarily in the particulate form. Concentrations of PTHg and
PMHg were responsive to rainfall volume, with larger events mobilizing more particles
from the parking lot and roadway surface. Particulate Hg was effectively progressively
removed during runoff events, while filtered Hg did not change much during the events.
In an effort to quantify dry deposition in urban stormwater, rainfall and runoff THg were
directly compared. THg concentrations in runoff were consistently at or above rainfall
THg levels, suggesting dry deposition accounted for the remaining mass of Hg. Future
work should include monitoring air Hg concentrations concurrent with runoff and
precipitation monitoring, so that the dry deposition component of the mass balance can be
estimated. The results of this study support previous work that Hg levels in urban
stormwater are notable (Makepeace et al., 1995). Atmospheric deposition to impervious
surfaces is a key source of Hg transported in urban runoff to receiving waters. Defining
the relative contributions of wet and dry deposition provides important knowledge of the
behavior of Hg in urban watersheds. Such knowledge is critical for predicting the effects
of urbanization and improving water quality in surface waters.
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CHAPTER 4
ATMOSPHERIC PROCESSES INFLUENCING
WET AND DRY MERCURY DEPOSITION

Abstract
Atmospheric monitoring of speciated mercury in recent years has provided
valuable insight towards mechanisms of mercury deposition. Relatively few data are
available, however, compared to other atmospheric gases (NOx, SO2, O3,), and much
remains unknown, particularly in complex urban areas. This study presents the results of
the first known atmospheric monitoring of mercury in Orlando, Florida. Ambient
speciated atmospheric mercury and total mercury in wet deposition were measured
during February to April 2005 to determine the relative contributions of wet and dry
deposition, and to characterize each component. Total atmospheric mercury on average is
composed of 99.5% Hg0, 0.3% RGM, and 0.2% Hgp. Statistical analyses relating
atmospheric constituents and wet and dry deposition patterns suggest rainfall scavenging
of RGM was the main factor controlling the magnitude of dry deposition. Overall, wet
deposition exceeded dry deposition during this study, accounting for 80% of total
atmospheric deposition, while dry deposition accounted for the remaining 20%.

Key Words: atmospheric mercury, wet deposition, dry deposition, scavenging, RGM,
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Introduction
Atmospheric deposition is widely recognized as a major source of mercury (Hg)
to aquatic and terrestrial environments (Landis and Keeler, 2002; Wiener et al., 2003).
The total mass of Hg deposited in watersheds is influenced by complex environmental
and meteorological conditions along with concentrations of the different forms of Hg in
the atmosphere. Gaseous elemental Hg (Hg0) is capable of long-range transport because
of an atmospheric residence time of about 1 year (Slemr et al., 1985; Lindqvist and
Rodhe, 1985), and this form represents more than 95% of the global atmospheric Hg
burden (Schroeder and Munthe, 1998). Hg0 is relatively insoluble and must first be
oxidized before it is effectively deposited (Guentzel et al., 2001). Reactive gaseous Hg
(RGM) and particulate bound Hg (Hgp) have much shorter atmospheric residence times
and tend to deposit near their source (Lindberg and Stratton, 1998). These reactive forms
account for the vast majority of total deposition to watersheds because of their high
solubility and high affinity to adsorb to particles (Bullock, O.R., Jr., 2000). Quantifying
the relative amounts of each form of Hg in the atmosphere is critical for predicting
deposition behavior and subsequent transport and transformation in the environment
(Lindberg et al., 2000). Once deposited, inorganic Hg is readily converted to
methylmercury (MeHg), the most bioavailable form with the highest toxicity.
Bioaccumulation and biomagnification of MeHg in aquatic food chains is the cause of
widespread fish consumption advisories and has prompted the U.S. Environmental
Protection Agency (USEPA) to seek legislative limits on Hg emissions (USEPA, 2005).
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Atmospheric deposition of mercury and other constituents is a combination of wet
and dry processes. Wet deposition is commonly measured in precipitation as the product
of constituent concentration and precipitation volume over a period of time. Standardized
monitoring programs (NADP, 2006) quantify wet-deposited Hg at a broad range of sites
and make these data widely accessible. Urban sites, previously omitted from MDN and
other deposition monitoring programs because of their complex settings, are now being
added as pilot sites; the Orlando site represented in this study was one of the first urban
sites added to the MDN. Obtaining accurate long-term dry deposition measurements,
however, has proven more difficult (Wesely and Hicks, 2000). Attempts to quantify dry
deposition of Hg include direct measurements of deposition on surrogate surfaces
(Delmelle et al., 2001) and estimates derived from modeled deposition velocity (Vd).
Although progress has been made, artificial surfaces cannot account for large variations
in spatial and temporal surface characteristics and may only provide rough estimates of
dry deposition. Using Vd to calculate dry deposition presents comparable challenges.
Deposition velocity is seldom measured directly because it varies with ground surface
type, wind speed, atmospheric stability, and other factors. Previous estimates of dry
deposition flux have assumed constant deposition velocities (Lee et al., 2001; Seigneur et
al., 2004). This assumption neglects the dynamic properties of the processes affecting dry
deposition (Landis and Keeler, 2002).
Greater wet deposition of Hg in urban areas may be the result of enhanced
atmospheric concentrations (Landis et al., 2002). Sakata and Marumoto (2004) suggest
that dry Hg deposition is similar in magnitude to wet deposition in urban areas, as a result
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of high localized atmospheric Hg levels. Miller et al., (2005) concluded that wet
deposition networks measure only one-third to one-half of the total Hg flux. At urban
sites, where atmospheric concentrations are generally elevated, total deposition may then
be grossly underestimated if only wet deposition measurements are made.
The results presented in this paper are from a study conducted at an urban site in
Orlando, Florida. Atmospheric measurements of speciated Hg were monitored for the
first time in this region, using a mobile atmospheric monitoring laboratory.
Meteorological variables (wind speed, atmospheric stability, and others) were also
monitored to provide continuous estimates of deposition velocity. The mobile lab was colocated with an MDN wet deposition collector (MDN site FL32) to provide site-specific
comparisons of wet and dry deposition. The primary objectives of this study are to (i)
quantify the relative contributions of wet and dry Hg deposition and (ii) study the
influence of several atmospheric constituents on wet and dry Hg deposition patterns.

Methods
Site Description
Rainfall and atmospheric monitoring were conducted at MDN site FL32, from
February 24th to April 11th 2005. This site is located near the edge of Orlando’s urban
boundary, approximately 14 miles east of the city center. Greater metropolitan Orlando
has a population of 1,861,707 according to 2004 U.S. Census Bureau population
estimates. The climate in Orlando is considered hot and humid because of abundant
sunshine, large bodies of water, and nearly 50 inches per year of rainfall (NOAA, 2006).
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Fulkerson and Nnadi (2006) suggested that 80% of annual rainfall occurs during the wet
season (May to October), while the remaining 20% occurs during the dry season
(November to April). The Orlando region (1971-2000) has a mean annual normal daily
temperature of 22.7 °C and mean summertime normal daily temperature of 27.7 °C
(NOAA, 2006). This region occasionally exceeds USEPA standards for 8-hr average
ozone (O3) concentrations during the summer months; while fine particulate matter
(PM2.5), sulfur dioxide (SO2), and nitrous oxide (NOx) concentrations in the atmosphere
stay below their respective limits.

Wet Deposition Measurements
Throughout the study period weekly cumulative rainfall samples were obtained
from MDN site FL32. This site is one of only 6 urban sites in the MDN – there are
currently 94 total MDN sites. Mercury Deposition Network sites located in Florida and
around the Gulf of Mexico exhibit the highest annual wet deposition Hg flux of all U.S.
and Canadian sites. Weekly precipitation was collected using a modified Aerochem
Metrics 301 sampler (Vermette, et al., 1995), as outlined in the MDN site operation
manual (NADP, 2003). Samples were preserved with 20 mL of 0.12 N HCl during the
week of collection and shipped to Frontier Geosciences, Inc., in Seattle, Washington, for
analysis of total mercury (THg) (USEPA, 1996) using cold vapor atomic fluorescence
spectrophotometry (CVAFS). Reagent blanks and spike recoveries were performed
weekly at Frontier’s Hg Analytical Laboratory (HAL) for quality assurance on the
reported data (Hagan, 2003).
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Atmospheric Monitoring
The U.S. Geological Survey’s (USGS) mobile atmospheric monitoring laboratory,
which was co-located with the FL32 MDN collector, provided continuous ambient
measurements of atmospheric Hg species and other constituents from February 24th to
April 11th 2005. Atmospheric conditions were monitored at the site 14 feet above ground
level. The USGS mobile laboratory provided independent, simultaneous measurements of
the three primary forms of atmospheric Hg – Hg0, RGM, and Hgp. Other continuous
measurements included NOx, SO2, O3, fine fraction particulates (PM2.5), and
meteorological parameters. Air concentrations of speciated Hg were measured using an
automated Hg vapor analyzer (Tekran 2537A) with a KCl-coated annular denuder
sampling unit (Tekran 1130) (Schroeder et al., 1995). Five-minute averages of Hg0 and 1hr averages of RGM and Hgp were reported during the even hours. Hg measurements
were not made during odd hours, since this time was required by the Tekran units to
process RGM and Hgp concentrations. Five-minute averages of NOx, SO2, and O3 were
reported during both even and odd hours. Fine particulates, temperature, solar radiation,
wind speed, wind direction, and wind direction standard deviation, were also averaged
every 5 minutes; relative humidity and barometric pressure were recorded every hour.

Dry Deposition Calculations
In this study, the “big-leaf” method (Hicks et al., 1985) was used to determine the
mass flux of dry Hg deposition. This flux is the product of deposition velocity (Vd) and
atmospheric concentration (Ca):
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F = Vd ⋅ C a

(Eqn. 4.1)

This approach uses the resistance method where Vd is computed as the inverse sum of
aerodynamic resistance (Ra), boundary layer resistance (Rb), and canopy resistance (Rc)
and is similar to Ohm’s Law for electrical circuits:
Vd =

1
Ra + Rb + Rc

(Eqn. 4.2)

These resistance terms are functions of wind speed, atmospheric stability and other site
variables (Hicks et al., 1985). Two-hour averages of Vd for RGM and Hgp were
determined from these meteorological processes, and these data illustrate the dynamic
variability of the site. Reactive gaseous Hg dry deposition characteristics are similar to
that of nitric acid (HNO3) because of similar solubility (Dastoor and Larocque, 2004),
and Hgp is commonly associated with fine particles (< 2.5-μm). Previous estimates of
deposition velocities ranged from 0.5 to 4.0 cm s-1 for RGM and 0.10 to 0.94 cm s-1 for
Hgp (Lindberg and Stratton, 1998; Lee et al., 2001; Seigneur et al., 2004; Sakata and
Marumoto, 2004). Dry deposition flux for Hg0 was not included in this study, because
although it has been suggested that significant dry deposition of Hg0 may occur in
forested areas (Lindberg et al, 1992), Hg0 vapor does not exhibit a net dry depositional
flux to vegetation until atmospheric concentrations exceed a value of 10 ng m-3 (Hanson
et al., 1995). Elemental Hg dry deposition is often considered negligible due to its low
solubility and low affinity for solid surfaces (Bullock and Brehme, 2002; Sakata and
Marumoto, 2004).
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Results
Atmospheric Concentrations and Dry Deposition
At this Orlando site, Hg0 ranged from 96.4 to 100% of the total atmospheric Hg
burden, with an average of 99.5%, during this study period. These data are higher than
previous estimates of the global atmospheric Hg0 burden (Schroeder and Munthe, 1998).
The contribution of RGM ranged from 0 to 3.3%, with an average of 0.3%; while Hgp
ranged from 0 to 0.8%, with an average of 0.2%. Elemental Hg concentrations averaged
1.72 ± 0.16 ng m-3 and were consistent with previously reported background levels for
the northern hemisphere (Slemr and Langer, 1992). Maximum levels of RGM and Hgp
were 50 and 15 pg m-3, respectively. Twelve-hour averages for atmospheric constituents
monitored at this site are provided in Table 4.1. Statistical analysis of variance testing
(Mendenhall and Sincich, 1995) suggest Hg0, RGM, Hgp, NO, SO2, O3, temperature,
solar radiation, and wind speed are significantly different (α = 0.05) during daytime
hours (8am to 8pm) than during nighttime (8pm to 8am); while no significant diurnal
variation was observed for NOx. Reactive Hg (RGM and Hgp) dry deposition values were
calculated every 2 hours from 2-hr averages of meteorological data that was collected
every 5 minutes. Dry deposition velocities ranged from 0 to 4.9 cm s-1 with a mean of 1.7
± 1.2 for RGM and 0 to 0.73 cm s-1 with a mean of 0.24 ± 0.17 for Hgp. These values
compare well with previously published estimates for northwest Florida (Clarke et al.,
1997). The air concentrations of Hg0 ranged from 1.03 to 3.65 ng m-3, which are much
lower than the threshold of 10 ng m-3 required for a net downward flux (Hanson et al.,
1995); supporting the initial assumption that dry deposition of Hg0 would be negligible.
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Table 4.1: Twelve-hour average atmospheric concentrations in Orlando, Florida, from
February 24th to April 11th 2005.

Atmospheric
Parameter
0

Units

Number of
Observations

Daytime
Values
8:00am to 8:00pm
(mean ± stdev)

Nighttime
Values
8:00pm to 8:00am
(mean ± stdev)

ng m

-3

2926

1.69 ± 0.16

1.73 ± 0.21

RGM

pg m

-3

269

6.77 ± 7.94

2.44 ± 3.60

Hg(p)

pg m

-3

264

3.28 ± 2.96

2.04 ± 2.21

Hg

NO

ppb

5947

1.48 ± 5.64

0.73 ± 5.97

NOx

ppb

5947

6.89 ± 8.15

6.90 ± 9.04

SO2

ppb

5984

1.30 ± 0.99

1.15 ± 1.40

O3

ppb

4485

44.4 ± 14.3

30.4 ± 13.3

Temperature

°C

5977

20.92 ± 4.98

15.54 ± 4.89

Solar Radiation

Wm

5977

381.8 ± 301.5

6.46 ± 28.86

Wind Speed

ms

5977

2.44 ± 1.19

1.26 ± 1.07

-2

-1

A significant diurnal trend in the magnitude of dry deposition was also observed.
Daytime dry deposition flux exceeded nighttime flux for both reactive species (Figure
4.1). The vast majority (89% for RGM and 78% for Hgp) of dry Hg deposition occurred
during the daytime hours, when maximum atmospheric concentrations typically occurred.
Figure 4.2 shows average hourly dry deposition flux of both reactive Hg species. Lowest
values for both species occurred at 7am while peaks occurred in the afternoon between
1pm and 5pm. Overall, RGM dominated the dry deposition flux, accounting for
approximately 87% of total Hg dry deposition at the site.
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Figure 4.1: Total 12-hr RGM (upper) and Hgp (lower) dry deposition flux for the daytime
and nighttime from February 24th to April 11th 2005.
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Figure 4.2: Two-hour average dry deposition flux of RGM (white squares) and Hgp
(black circles) for the entire study period.

Contributions of Wet and Dry Deposition
Wet Hg deposition was measured from weekly cumulative rainfall collected at the
site. The total amount of wet deposited Hg during the study period was 1920 ng m-2.
Total dry deposition, inferred from the atmospheric data was 491 ng m-2. These data
suggest wet deposition was the dominant process, accounting for 80% of total Hg
deposition, with dry deposition contributing the remaining 20%. This compares well with
estimates of dry deposition (22% of total deposition) from runoff data for this site as
shown in Chapter 3. Since wet deposition data were reported as weekly cumulative
amounts, dry deposition was averaged weekly to allow for a direct comparison. Figure
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4.3 shows weekly wet and dry deposited Hg plotted with weekly precipitation amounts.
During the 2 weeks of lowest rainfall (3.6 and 1.3 mm) dry deposition exceeded wet
deposition. Nearly half (226 ng m-2) of the total dry Hg deposition during this period
occurred during these 2 weeks. When weekly rainfall was between 12.7 and 68.6 mm, for
the remaining 5 weeks, wet deposition was the driving force of total deposition. This
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suggests that rainfall was a key factor affecting deposition patterns.
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Figure 4.3: Weekly contributions of wet (triangles) and dry (circles) Hg deposition flux
with weekly rainfall (bars) for the entire study period.
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Atmospheric Correlations
Spearman’s rank correlations were performed on weekly averaged atmospheric
constituents and wet and dry Hg deposition. A 95% confidence level (α = 0.05) was used
for statistical significance. A summary table for these analyses is shown in Table 4.2.
Weekly rainfall depth had strong positive correlation (0.92) with wet deposition and
strong negative correlation (-0.92) with dry deposition, supporting the results shown in
Figure 4.3. Average weekly RGM concentrations had a strong negative correlation
(-0.92) with rainfall depth. This suggests that greater weekly rainfall scavenged more
available RGM from the atmosphere, reducing average atmospheric concentrations. To
test this theory, 2-hr averages of RGM were plotted with 2-hr total rainfall depths. Figure
4.4 compares two separate weeks (March 1st to 8th and March 15th to 22nd) with
considerably different rainfall amounts during the study period. During the first week,
diurnal trends in RGM were clearly evident. Air concentrations peaked shortly after midday and decreased overnight. A small rain event occurred on day 62 (March 3rd),
followed by the lowest afternoon RGM values (6 pg m-3) for the week on day 63 (March
4th). Several days of no rainfall followed, and RGM concentrations rebounded to
significantly higher afternoon levels (up to 46 pg m-3). The first week produced 101 ng m2

of dry-deposited Hg, one of the highest weekly amounts during this study. During the

second week, a cumulative depth of 50 mm of rainfall occurred over the first 3 days, and
the effects of rainfall scavenging were more pronounced. Atmospheric RGM
concentrations during this time never exceeded 2.5 pg m-3. By the fifth and sixth days of
the week (March 19th and 20th), RGM showed stronger diurnal cycling, peaking around
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12 pg m-3. At the end of the week, rainfall returned and atmospheric concentrations once
again decreased. These results suggest rainfall is an important control on the amount of
RGM available for dry deposition, and that RGM concentrations are generally lower for
several days following significant rainfall, compared to RGM concentrations in dry
periods.

Table 4.2: Spearman’s rank correlation coefficients for weekly averaged atmospheric
concentrations and Hg deposition. Significant P-values are shown in italics under
correlation coefficients.
Hg Wet
Hg Dry
Deposition Deposition Hg0 RGM
Rainfall
Depth
Hg Wet
Deposition
Hg Dry
Deposition
Hg0
RGM

0.92

-0.92

< 0.01

< 0.01

-0.94

-

-0.92

Hgp

NOx

SO2

-

-

-

Relative Barametric
O3 Solar Radiation Humidity Pressure
-

< 0.01

-

< 0.01

-

-0.94

-0.83

< 0.01

< 0.05

1.00

-

-

-

-

-0.85

0.85

-0.92

< 0.05

< 0.05

< 0.01

-

< 0.01

-

0.94

-0.83

< 0.01

< 0.05

-0.89

-

< 0.05

-

-

-

-

-

-

-

-

-

-

-

-

-0.89

-

< 0.05

-

Hg(p)

0.94

-

-

< 0.01

0.83

NOx

-0.94

-

< 0.01

-

-

-

-

-

-

-0.89

-

< 0.05

SO2

< 0.05

0.94

O3

-

-

-

-

< 0.01
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Humidity
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Figure 4.4: Two-hour average RGM concentration (points) and 2-hr total rainfall depth
(bars) for March 1st to 8th (above) and March 15th to 22nd (below). Noon indicated by x.5.

Spearman’s rank correlations were also performed on the 4-hr averages of
atmospheric data measured by the USGS mobile atmospheric laboratory (Table 4.3). This
analysis was more responsive to smaller changes because of the shorter time scale than
weekly averages. Moderate (0.3 to 0.6) and strong (0.6 to 1.0) correlations of significance
are shown in this table. Reactive gaseous Hg was significantly correlated with several
parameters including O3. Hall (1995) demonstrated that the reaction of Hg0 and O3 to
form RGM was much faster in the presence of sunlight. The positive correlations
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between air temperature, O3, and RGM in this current study support this claim, and these
relationships are likely the cause of strong diurnal patterns of RGM.

Table 4.3: Spearman’s rank correlation coefficients for 4-hr average atmospheric
concentrations. Significant P-values are shown in italics under correlation coefficients.

Hg0
RGM
Hgp
NOx
SO2
O3

RGM

Hgp

NOx

SO2

O3

-

-

-

-

-

Air
Solar
Wind Wind Dir Relative Barametric
Temp Radiation Speed StDev Humidity Pressure
-

-

-0.34

-

-

-

0.30

-0.81

-

< 0.01

< 0.01

< 0.01

0.45

-

< 0.01

-

0.54

0.62

< 0.01

< 0.01

0.49

-

-

0.49

-

< 0.01

-

-

-

-

< 0.01

-0.51

-

< 0.01

0.39

-0.42

< 0.01

< 0.01

-

-

-

-0.42

-

-

-

-

-0.42
< 0.01

-

< 0.01

-

-

-

0.45

0.43

0.59

0.47

-0.77

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

Air
Temp
Solar
Radiation
Wind
Speed
Wind Dir
StDev

0.34

0.44

0.44

-0.31

-0.44

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

-

0.41

0.60

-0.54

< 0.01

< 0.01

< 0.01

0.50

-0.51

-0.39

< 0.01

< 0.01

< 0.01

-0.35

-

< 0.01

Relative
Humidity

-
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Conclusions
The results of this study suggest total atmospheric Hg is dominated by Hg0. Due
to the low solubility and relatively low concentrations of Hg0 in this urban area, no dry
deposition of Hg0 was expected to occur. Contributions from the reactive species were
lower than expected for an urban site, suggesting small atmospheric emissions relative to
other urban areas. Reactive gaseous Hg, present at less than one-half of one percent of
total Hg in the atmosphere, was the driving force of total dry Hg deposition. This is
attributed to a higher deposition velocity than the other Hg species. Ozone levels
typically increased with solar radiation during afternoon hours. Ozone positively
correlated with RGM and negatively correlated with Hg0, which is consistent with gasphase oxidation of Hg0 by O3, may have produced RGM during this time. This would
explain the strong diurnal trend of RGM at this site during the study period. Increased
RGM concentrations, combined with greater wind speed and atmospheric instability
during the daytime, caused dry Hg deposition to follow a similar diurnal trend, with
afternoon peaks in flux.
Rainfall was the dominant factor controlling wet and dry deposition. High rainfall
volume increased wet deposition and reduced available RGM for dry deposition, thus
weeks with little rain produced the greatest dry deposition. Overall dry deposition
accounted for about 20% of total deposition during this study period. These results,
which are in contrast with recent work suggesting dry deposition may equal wet
deposition in urban areas (Sakata and Marumoto, 2004), support the results in Chapter 3.
Rainfall patterns may explain wet deposition dominance of total Hg deposition. Average
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rainfall in Florida during late February to mid April is normally 130 mm (NOAA, 2006).
In 2005, this site experienced nearly 216 mm of rainfall during this period. Higher than
average rainfall, combined with lower atmospheric RGM concentrations relative to other
urban sites, may have produced lower than expected dry Hg deposition flux. Also,
monitoring was conducted during the spring only; hotter weather in the summer would
likely produce more RGM for dry deposition than was measured during the study period.
Previous work in south Florida (Guentzel et al., 2001) suggested that a rapidly
replenished reservoir of RGM is available for deposition during the summer months.
Future work should examine dry deposition behavior during all seasons, to
encompass a broader range of atmospheric conditions. Dry deposition may exceed wet
deposition during the winter months when rainfall is lowest. Given the strong influences
of O3, solar radiation, and antecedent rainfall, it may be possible to use traditional
atmospheric monitoring data to predict the behavior of atmospheric Hg; however, a
longer period of study is required to better define these relationships and to determine the
annual contributions of wet and dry Hg deposition at this site.
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